Introduction
To produce functional materials from polymeric fibers, for example, biomaterials, forming must take place on a technologically relevant scale, with a high surface area and tunable porosity. [1] Materials with these characteristics have been utilized in filtration, medical textiles, biosensing, catalysis, labon-chip technologies, as scaffolds in tissue engineering, and as encapsulation materials in therapeutic delivery. [2] [3] [4] [5] [6] [7] Still, the demand for ultrafine polymeric fibers is on the rise due to their inherent versatility. [8] To be valuable in all of these application areas, it is critical that fibers can be mass produced in a consistent, reliable, and cost-effective manner. [9] Nanostructured polymeric materials with the aforementioned characteristics have been produced via a number of methods. These include phase separation, template synthesis,
Fundamentals of Pressurized Gyration
The laboratory setup of PG (Mark I device) consists of a small (35 mm × 60 mm) aluminium cylindrical vessel with multiple, narrow (0.5 mm) perforations. [20] The vessel itself is attached to an electric motor, capable of rotational speeds of up to 36 000 rpm. Speed can be easily varied via the use of a controller that adjusts the current to the motor. A gas inlet that feeds nitrogen via plastic tubing is fastened to the lid of the vessel. The gas pressure can be increased up to 0.3 MPa. A pre-prepared polymer solution is loaded into the interior of the rotating vessel and the gas inlet is secured in position. The process of forming fibers occurs following the combined application of the motor and gas pressure. As the vessel rotates, the solution is forced out through the perforations and extrudes as a polymer jet which dries, leaving behind fibers. [31, 32] The apparatus is situated within a chamber in which fibers are deposited and later collected. (Figure 1 ) summarizes the basic setup.
Principles of Pressurized Gyration
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poly mer solution. The applied gas pressure acts against the liquid causing a pressure differential in the vessel, forcing the solution out. Centrifugal force is the main driver behind liquid extrusion through the vessel orifices. [33] A focused polymer jet is created as a surface tension gradient occurs along the liquidair interface. [30] This gradient is also responsible for prompting a Marangoni stress tangential to the liquid-gas interface, which instigates flow to the tip of the polymer droplet. [34] Formation of fibers arises when the polymer jet leaving the perforations is continually stretched by the centrifugal force and the pressure differential created by the gas inlet at the orifices. [35] The solvent is gradually lost by evaporation and the extruded polymer remaining in the jet is the origin of a fiber strand. The dried fiber is eventually deposited on the nearby collection walls; the process is rapidly repeated to give rise to a bundle of fibers.
System Parameters
Fiber formation is highly dependent on the solution properties and the processing parameters. Solution properties ultimately govern spinnability and can be found to affect fiber formation just as they would in other methods such as electrospinning. [36, 37] The rotational speed of the vessel and the applied gas pressure are the two most crucial processing parameters that have a marked effect on fiber morphology. Furthermore, variation of collection distance and environmental conditions alters fiber structure.
Rotational Speed
Centrifugal force intensifies with increasing rotational speed; therefore, higher rotational speed of the vessel results in greater manipulation of the polymer solution. The polymer jet is continually stretched and elongated by the centrifugal force and the solvent promptly evaporates, presenting fine fibers.
A critical minimum rotational speed must be met for fiber formation. Below this, the centrifugal force cannot overcome the surface tension and there is no polymer jet. At low rotational speeds and as the vessel is accelerating, the solvent may separate from the polymer due to its lower surface tension. Typically, a polymer jet does not form in this scenario and solvent is lost to the surrounding collection walls. As such, a suitable rotational speed is essential for the production of a polymer jet and subsequent fiber formation.
The solution properties, mainly surface tension, influence the minimum critical rotational speed. Beyond the threshold speed, subsequent increases in rotational speeds will cause even greater stretching and thinning of the polymer jet. Rapid solvent evaporation occurs as the surface area is increased and this results in smaller diameter fibers (Figure 2) . The implications of even higher rotational speeds on polymer jet stability are yet to be explored.
Gas Pressure
For optimal fiber yield and morphology, gas pressure must be applied after reaching critical rotational speed. During the initial acceleration phase of the motor, critical rotational speed is not met and the application of gas pressure causes loss of solvent through the orifices, as the solvent has a lower surface tension than the polymer. This is because, the gas pressure acts as the driving force and the solution is expelled through the vessel apertures whilst having insufficient pressure differential to overcome the surface tension to form a polymer jet. The higher the gas pressure the greater the loss of solvent.
Fiber morphology is directly influenced by applied gas pressure. A pressure differential within the vessel causes acceleration of the solution through the orifices. [38] The gas pressure contributes to additional polymer jet elongation by way of fluid acceleration and increased kinetic energy of the emerging jet. Jet elongation yields lower diameter fibers as the polymer jet lengthens, leading to rapid solvent evaporation. [39] Although a maximum of 0.3 MPa applied pressure is generally used, the effects of even higher pressures are yet to be investigated.
Surface topography of the formed fibers can be altered by varying gas pressure. When highly volatile solvents are used, this causes a local temperature drop and surface pores result due to water droplet evaporation from the fiber surface. [40] At higher applied working pressures, the temperature drop is greater, leading to more rapid solvent evaporation and pore formation.
Collection Setup
Manipulation of collection distance gives rise to bead-on-string morphology, which can be advantageous in producing superhydrophobic fibers with good mechanical integrity-both excellent properties for air filtration applications. [41, 42] The formation of bead-on-string fibers can be controlled by solution molecular weight and concentration. [43] At shorter collection distances, solvent evaporation is reduced and solvent droplets remain on the fiber chain. These unevaporated droplets prevent proper mixing of the polymer within the drying jet, creating beaded fibers.
Fiber diameter is reduced by increased collection distances. The jet is allowed to stretch further at higher distances, leading to narrower fibers ( Figure 2 ). Jet thinning coupled with increased solvent evaporation leads to thinner fibers on the collector. With insufficient collection distance the motion of the jet is obstructed and fiber morphology is altered. Various modifications to the collectors have been used to influence fiber morphology and deposition. By incorporating a collector similar to that in Figure 3 , uniaxially aligned fibers can be achieved. The collection setup increases fiber alignment due to the placement of protruding rods oriented around the pot.
Infusion Gyration
Infusion gyration is a novel technique based on PG that allows for the regulation of solution flow rate, which can directly influence yield, fiber size, distribution, and morphology. This setup overcomes the limitations in the lack of control over the flow dynamics of the polymer solution from the Mark I device. The setup comprises an aluminium cylindrical vessel with 20 small perforations on its face. The bottom of the vessel is fastened to a high-speed motor which allows the vessel to rotate at speeds of up to 36 000 rpm. The gas pressure inlet is replaced with an inlet joined to a syringe pump, allowing for solution flow-rate control.
Infusion gyration is dependent on the polymer infusion rate rather than the gas flow. The precise control over the flow rate allows for the fabrication of well-aligned, smooth, and beadfree nanofibers. [44] At higher flow rates, there is an increase in hydrostatic pressure. At the orifice, the hydrostatic pressure is lower than the centrifugal force and thus the final fiber size and distribution is determined by the destabilizing centrifugal force and the surface tension of the polymer solution. [45] Fiber diameter rises with increasing flow rate as there is a higher volume of polymer and greater mass transfer at the orifice. For example at 500 µL min −1 , the mean fiber diameter is 117 nm whereas at 2000 µL min −1 , the mean fiber diameter is 170 nm. When solvent evaporation and mass transfer are in equilibrium, low diameter fibers can be achieved. The shape and volume of the emerging polymer droplets can be altered by varying flow rates, having a marked effect on fiber size and distribution. At higher infusion rates, the production rate is generally greater due to the increased volume of material in the rotating vessel.
Pressure-Coupled Infusion Gyration
Fiber formation using pressure-coupled infusion gyration (PCIG) is governed by centrifugal force, dynamic fluid flow, and applied gas pressure. [46] In this system, the rotating aluminium vessel is connected to the gas inlet through an acrylic T-junction, while polymer solution is infused by a syringe pump. Variation of infusion rate allows for manipulation of the fiber diameter. Stretching of the polymer jet is enhanced at higher rotational speeds and centrifugal force. Solution blowing as a result of gas pressure causes further acceleration and manipulation of the polymer jet. PCIG allows for additional processing parameters to be considered for further tailoring of the final product morphology. It also allows polymers that are otherwise poorly spinnable to be processed into fibrous products. [47] For optimization of the system parameters, modeling of PCIG using response surface methodology is in progress. First results have shown that polymer concentration in solution and gas pressure may have a more significant effect on fiber morphology than previously known. [48] 
Pressurized Melt Gyration
Pressurized melt gyration is a process of forming fibers that does not require the use of solvents. The absence of solvents unwraps potential in a variety of applications where cytotoxicity is a concern. [49] As with conventional gyration, pressurized melt gyration utilizes the identical apparatus setup but also incorporates a heating gun. [50] The temperature of the pot can be directly regulated and controlled by the heat gun, which is capable of producing temperatures of up to 400 °C. The high temperatures experienced in the gyration vessel induce a polymer melt, which undergoes the same forces at the vessel orifices as a polymer solution would.
Increased pot temperature reduces fiber diameter. At higher temperatures, the molten polymer remains in a liquid state for a longer duration, permitting a greater extent of jet stretching. As the molten polymer jet escapes from the orifices, exposure to the open environment causes rapid cooling and fibers are formed as a result of jet cooling and thinning. Furthermore, the viscosity of the melt reduces with increasing temperatures, which also attributes to the reduction in fiber diameter. [51] Low viscosity instigates additional stretching of the emerging jet and leads to the production of thinner fibers.
Properties of Materials

Solution Spinnability of Polymers
To date, many different polymers have been successfully spun into fibers using PG and it has been found that a variety of solvents can be combined to dissolve the same polymer. Diameters as low as 60 nm have been achieved. Unlike electrospinning and other fiber production methods, PG alleviates the need for an applied voltage, so the electrical properties of the spinning solution need not be considered. [52] Note that loading the solution into the vessel is slow and solvent evaporation can be an issue. As previously described, this can be avoided if an infusion method is used and the environment is controlled. Table 1 shows the polymers that have been spun along with their concentration, molecular weight, and the solvent used. The potential applications of the fibers produced are given.
Mapping Solubility and Spinnability
Solvents must be carefully selected to ensure fibers can be produced in polymer-solvent systems. Solution parameters such as viscosity and molecular weight significantly affect the fiber outcome, so the appropriate criterion to produce fibers for a particular polymer must be confirmed. Moreover, the solvent will determine the critical minimum polymer concentration and chain entanglement, which must be optimized to yield fibers (rather than other morphologies, i.e., beads).
The spinnability of polyethylene terephthalate (PET) has been investigated. To determine whether a solvent with a high solubility for PET would yield fibers, a wide variety of solvents and solvent systems with varying solubility parameters were mapped onto a Teas graph. The solubility-spinnability region in various solvent systems was determined based on the time taken for it to dissolve in each system to form a homogenous solution. [33] By combining solubility and spinnability, a solvent with high solubility for PET (trifluoracetic acid) was found to produce nanofibers (Figure 4 ). Solvents with low solubility (formic acid and dichloromethane) were found to produce beads from the same concentration of solution (20 wt%).
A Teas graph was also used to help select a binary solvent system. A solvent with high solubility for PET, trifluoroacetic acid (TFA), and a non-solvent were used. Assuming that the combined solvents would have the same solubility parameters as those solvents with high solubility for PET, the solvent ratios were determined. For TFA + dichloromethane (DCM) a ratio of 1:1 was observed. For TFA + DMF and TFA + chloroform (CHCl 3 ) the ratio was 4:1. The parameters for the solvent TFA and DCM (1:1) were very close to those of TFA, which is known to dissolve PET and therefore the binary solvent system was expected to produce fibers.
Scaling laws were determined for the relationship between polymer concentration and viscosity using the solvents deemed appropriate from the Teas graph. Plots of specific viscosity against PET concentration revealed that increasing the weight percentage increased the specific viscosities. The scaling values were found to be in good agreement for the theoretical predictions for entangled solutions in a good solvent. The results demonstrated that there needs to be a minimum polymer concentration C e for nanofiber generation, and therefore there must also be a minimum level of chain entanglement. Below C e only beads are observed but, it should be noted, that the minimum polymer concentration will be different for different polymers, molecular weights, and solvent systems. PG allows for tailoring of the microstructural evolution so that beaded products can be generated. [38] Following this, a mathematical model using rotational and blowing frames was developed and adapted from Mellado et al. [45] to elucidate a relationship between fiber diameter and experimental parameters such as fiber velocity, air velocity, kinematic viscosity, angular velocity of the vessel and the collector to vessel radius. r 1 is the initial jet radius, r 2 is the final jet radius, v u p = is the kinematic viscosity, R c is the radius of the collector, U is the initial velocity and Ω is the angular velocity. V a is the air velocity [Equation (1)].
The final fiber radius results from competing surface tension, viscosity, rotation speed, and air velocity. In this first model for the PG process, only rotation speed, viscosity, and air velocity were varied to determine the effect on fiber diameter. This work shows the importance of mapping solventspinnability for a particular polymer solvent system. Using a Teas graph, polymer fibers can be designed through their solvent interactions prior to spinning using PG but ultimately, a greater understanding of the physical properties of the polymer solutions is needed to refine Equation (1), to predict r 2 and thus the final fiber diameter.
Properties of Fibers
Much like electrospinning, the ultimate processing goal is to maintain consistent fiber diameters at long lengths with controllable surface morphology. When these conditions are achieved PG will be scaled-up for manufacturing. Table 2 reports the effect of varying PG parameters and their contribution to the aforementioned requirements. Currently PG is able to achieve such targets only with respect to certain polymers, for example poly(ethylene oxide) and polycaprolactone. Thus, more modeling-based research is necessary to elucidate the effect of these parameters on the outcome of different polymers.
Applications
Drug Delivery
In recent years, micro-and nanoscaled fibers have been increasingly used as drug-delivery vehicles. [64] [65] [66] Poor solubility of countless drugs can be overcome by dispersing the drug molecules within polymer solutions, which are then spun as fibers. PG and its sister processes provide an attractive manufacturing route for low diameter fibers, which have shown great potential M w K30 = 44 000-54 000 g mol
M w K90F = 1 000 000-1 500 000 g mol Antimicrobial nanoparticles (two types: AMNP1 and AMNP2) (University of Hertfordshire) K0 20% w/w PMMA K1 0.1% AMNP1 loaded w/w PMMA K2 0.25% AMNP1 loaded w/w PMMA K3 0.5% AMNP1 loaded w/w PMMA K4 0.1% AMNP2 loaded w/w PMMA K5 0.25% AMNP2 loaded w/w PMMA K6 0.5% AMNP2 loaded w/w PMMA in drug delivery. In fact, recently prepared polymer-magnetic composite fibers fabricated by infusion gyration have been successful in remote-controlled drug release. [67] Drugs in crystalline form possess strong intermolecular bonds that require a higher energy barrier to dissolution, leading to lower solubility. [68] By solubilizing a drug with a suitable solvent, it is converted into its amorphous form and the energy barrier to dissolution is lowered. [69] The amorphous solution can then be mixed with a hydrophilic polymer solution and processed into fibers using PG. The resulting fibers hold the amorphous drug molecules via steric hindrance of the polymer chains. As the hydrophilic polymer dissolves, drug molecules are released as fine colloidal particles. [70] The high surface area to volume ratio of these fibers further enhances drug dissolution due to the increased contact area to the dissolution media. [71] PG overcomes a significant limitation in the large-scale manufacture of micro-and nanofibrous drug systems, allowing for production rates in excess of kilograms per hour. [39] PG was used to prepare fibers with varying percentage loadings of ibuprofen dispersed in polyvinylpyrrolidone (PVP). [54] Dispersions of ibuprofen demonstrated a significant increase in drug-release rate when compared to the drug powder. As drug content increased, solution viscosity, and surface tension increased. Such qualities have a marked effect on bead size, fiber diameter, and even jet stability, yet drug-loaded fibers did not differ in surface topography compared to unloaded fibers. [20, [72] [73] [74] Drug content increased as fiber diameter increased, concurrent with literature values. [66, 75] X-ray diffraction patterns confirmed the presence of amorphous drug within the fibers, explaining increased solubility. Fourier transform infrared spectroscopy (FTIR) data evidenced strong drugpolymer hydrogen bonding. Rapid solvent evaporation during the PG process allowed for the production of fibers with complete drug-polymer miscibility. This was confirmed by modulated temperature differential scanning calorimetry (DSC), where a single glass transition temperature (T g ) was detected.
PG has been used to prepare nanofibers with mucoadhesive properties for use in vaginal therapy. [53] Drug delivery to the mucosal sites of the body is advantageous as it improves patient compliance and topical targeting. Nanofibers are valuable in topical and mucosal drug delivery due to their high surface area to volume ratio, enabling delivery across the mucosal barriers-where highly bulky and hydrophilic peptide and protein drugs would otherwise have difficulty. [76] Two highly mucoadhesive polymers, carboxymethyl cellulose and polyacrylic acid, were prepared as blends using PEO as a carrier, yielding welldefined and uniformly cylindrical fibers with high structural integrity. FTIR data established the presence of mucoadhesive properties. Atomic force microscopy was used to further confirm mucoadhesive properties of the fibers with simulated vaginal mucin, demonstrating significant potential of the fibers for use in vaginal therapy. [77] In a separate but related study, PG was used to develop progesterone-loaded bioadhesive nanofibers as a drug-delivery system for reduced incidence of preterm birth. [78] Polyethylene oxide and carboxymethyl cellulose were chosen as carrier polymers due to their mucoadhesive properties. Hot-stage microscopy was used to confirm the presence of progesterone within the polymeric fibers. Depending on the polymer compositions, the resulting fiber diameters ranged from 40 to 1000 nm. A high (25 wt%) loading of progesterone was achieved. The nanofibers indicated a higher and more uniform drug-release when compared to a commercially available progesterone pessary (Cyclogest). Nanofibers produced using PG have enabled the delivery of progesterone to the vaginal mucosal membrane where incorporation of poorly water-soluble drugs into hydrophilic nanofiber carriers is particularly challenging.
Fibers produced by PG demonstrated more rapid drug release compared to those produced using electrospinning. Amphotericin B and itraconazole, two poorly water-soluble drugs, were dispersed within polymeric fibers produced using both electrospinning and PG. The morphology of the fibers constructed by ↑ and ↓ denote increase and decrease respectively. It should be noted that these are the most common overall outcomes and exceptions may exist for some polymer systems and polymer concentrations used.
the two techniques differed (Figure 5) , which may explain the differences in their drug release profiles. [79] Previously, incorporation of uniformly dispersed drugs into electrospun fibers was hindered by the low yield of the method. [9] PG allows for significant fiber production rates in a single step and has the potential to be scaled further.
Tissue Engineering
Polymer nanofibers have shown significant promise in tissue engineering applications. [80] The high surface area to volume ratio provides ideal conditions for the formation of an extracellular matrix (ECM) to match that of native tissue. [81] Not only this, the aligned fibers offer directionality to cell growth and can enhance the deposition of cells and the attraction of ECM factors such as collagen and elastin. [82] Conventional PG relies on the use of solvents which is a potential drawback in the creation of tissue engineered constructs. Melt-spinning with regulated temperatures allows for good control over surface roughness, an essential property that influences cellular infiltration.
In the first study of its kind, a pressurized melt gyration process was developed to evade the use of cytotoxic solvents in polymer solutions. A heat gun was used in conjunction with PG apparatus and applied to the rotating vessel to produce nonwoven PCL and Ag-loaded PCL-based fiber scaffolds with antibacterial properties. [50] Xu et al. obtained PCL scaffolds at melt temperatures of 95, 125, 155, and 200 °C at varying working pressures and rotating speeds. To evaluate the antibacterial activity, Ag-loaded PCL fibers were produced using Ag coated pellets that were melt-spun at different temperatures using gyration at a speed of 36 000 rpm and 0.01 w/v NP solution. [50] Fiber diameter was found to be related to melt temperature. As the temperature increased, fiber diameter reduced. For the PCL molten polymer, increasing the temperature from 95 to 200 °C reduced the fiber diameter from 38 to 28 µm. Increased rotational speed further decreased the fiber diameter to 18 µm. As the temperature was increased from 105 to 200 °C and the working pressure was increased from 0.1 to 0.2 MPa, the fiber diameter was reduced to 15 µm. The effects of working pressure and speed are therefore consistent with what is expected for PG. When temperature is increased, the molten liquid jet remains in a liquid state for longer, causing additional stretching of the polymer fiber jet. Rapid cooling occurs at the orifice. The polymer melt viscosity is also reduced at higher temperatures, so thinner fibers are achieved with increased stretching time and lowered melt viscosity.
The melt temperature of PCL was also found to directly influence the surface morphology of the scaffolds. Xu et al. found that above 105 °C, surface roughness was observed and at 155 and 200 °C, extrusion lines were visible on the surface of the fibers, as well as fibril lines and pits. [50] Raman spectra of the PCL scaffolds were used to confirm an increase in crystallinity associated with increase in temperature. For the Ag-coated PCL scaffolds, no significant difference in molecular structure was observed following Raman spectroscopy, although microanalysis in the wavelength 1700-1760 cm −1 showed differences in crystallinity, indicating that nanoparticle incorporation prevents the movement of molecular chains and thus decreases the crystallinity.
Antibacterial activity was significantly higher for the Agcoated PCL scaffolds than the PCL control when evaluated using both Escherichia coli and Pseudomonas aeruginosa. Meltspun scaffolds also proved to be biocompatible with no signs of toxicity to the C2C12 cell line and percentage cell proliferation was found to be highest at 95 °C. DAPI (4',6-diamidino-2-phenylindole) staining was used to confirm that there was a high amount of cell attachment and cell spreading at this temperature compared to others. Cellular infiltration was found to be highest at 155 °C, where the scaffold porosity was large enough to allow cells to move inside the scaffolds. This research shows the potential of pressurized melt gyration in the production of biocompatible fiber mats and the possibilities of using melt temperature to control the morphology and topography of fibers.
Diagnostics
The application of nanofibers to the development of biosensors and medical diagnostic devices has seen intense interest. [83] [84] [85] Biosensors encompass a wide range of devices that are used in the detection of various analytes. The versatility of nanofibers in terms of high surface area, porosity, surface architecture, and topography provide great practicality and potential as biosensing membranes. [86] PG allows for the generation of particles and bubbles in addition to fibers. Microbubbles can be achieved at a higher production rate than those produced using microfluidics or sonication. Bubbles are formed as the polymer solution-filled vessel rotates. With simultaneous application of gas pressure and pot rotation, the external forces combine to create an intense vortex leading to deformation of the polymer surface. As the rotational speed increases, air penetrates through the core of the emerging jet, causing it to shrink and move from a stable to an unstable state, producing microbubbles. [35] Rapid central rotation of the vessel funnels the flow around the apex of the vortex and is followed by a pinching-off process, leading to bubble formation.
Protein-coated microbubbles can be made using PG to enhance their stability for use in a wide range of biomedical applications-ranging from medical imaging to drug delivery. [87] [88] [89] A reduction in average microbubble diameter is generally observed with increasing rotational speeds above the critical minimum speed. The nanoparticle content of the solution can also affect the diameter and size distribution of the bubbles produced. A dramatic reduction in microbubble diameter is observed with increasing applied gas pressure. Although PG offers a high-volume production route, monodisperse microbubble production for use in biomedical engineering has not yet been achieved and more research is needed in this area.
Hydrogels
Swelling to hold vast amounts of water, hydrogels are crosslinked hydrophilic polymer networks that are resistant to dissolution. [90] Their responsiveness to a number of environmental stimulants makes them effective in various biomedical settings. [91, 92] Cross-linking allows for superior control over physical properties such as viscosity and solubility, forming 3D insoluble networks from which bioactive molecules can be released. [93] Physical cross-linking allows for the formation of reversible hydrogels, although this can lead to network defects. Permanent or chemical cross-linking, can be achieved through covalent bonding.
Common methods for chemical cross-linking often result in weak and brittle hydrogels, which are therefore limited in their application. [94] As crosslinking is unable to occur at regularly separated positions, there is a broad distribution in the length of the chains between cross-linking points. Not only this, the cross-linking density and inter-crosslinking molecular weight cannot be controlled separately. When the concentration of the cross-linker is high, heterogeneous aggregation of the crosslinking points occurs. [95] Hydrogels that have been chemically cross-linked are thus limited in terms of their morphology, mechanical strength, and optical transparency. [96] Although ultra-stretchable, self-healing, and tough hydrogels can be synthesized through physically cross-linking, for example, from polyacrylamide-montmorillonite (PAM-MMT), it is difficult to achieve low hysteresis, and therefore optimum mechanical properties, as some of the organic-inorganic cross-links will break. Much research is therefore focused on improving the properties of chemically cross-linked hydrogels.
Our laboratory, in association with Chen and coworkers, used PG to fabricate PAM-clay nanocomposite hydrogel fibers, exhibiting low hysteresis. [95] To do this, in situ polymerization of acrylamide (AM) in the presence of MMT or chitosan− treated MMT (CHI−MMT) was conducted at 60 °C, instead of with a catalyst, to allow for chain grafting and branching. The radical initiator attacked the hydroxyl groups of the polysaccharide chains to generate alkoxy radicals, initiating polymerization of AM. No chemical cross-linker was used and the mechanical properties of the nanocomposite hydrogels, prior to swelling and when fully swollen, were measured.
PAM-MMT and PAM/CHI−MMT (with chitosan) hydrogel fibers were fabricated from precursor materials: water, MMT, chitosan, initiator, and monomer. It was found that both hydrogels had high strain and that treating with chitosan improved physical properties due to electrostatic interactions. Furthermore, both hydrogels in this work demonstrated resilience due to strong interactions within the hydrogels as a result of chain branching, multiple hydrogen bonding, covalent bonding, and/ or electrostatic force. The exceptional hysteresis results, high strength, and resilience of the nanocomposite hydrogels can be applied to fiber production using the PG method, having potential application in many biomaterials areas, due to their ease of processing.
Filtration
Owing to their high surface area to volume ratio and enhanced porosity, fibers produced using PG are excellent materials for filtration. [97] Application of fibers in filters can be divided into liquid and air filtration systems. [98] Polymeric sub-micron-sized fibers are used mostly in porous membranes for ultrafiltration (excluding particle sizes of 100 nm upward) or nanofiltration (excluding particle sizes that are just a few nanometers). Mostly these are carbon-based filters that can be used for removing contaminants from wastewater, such as phenols, or for the purification of drinking water and removal of pesticides. [99] [100] [101] Air filtration applications include dust collectors and protective clothing and importantly, antibacterial hospital filter systems, which are becoming increasingly used in the fight against antibacterial resistance. [102] As infectious diseases and antibiotic resistance become increasingly prevalent, there is greater focus on ultrafiltration with the incorporation of nanoparticles. [103, 104] To produce antimicrobial ultrafiltration systems for air, tellurium (Te) nanoparticles were embedded into a PMMA mesh using PG. [105] Porous PMMA fibers with 1, 2, and 4 wt% Te particles were prepared, and SEM was used to confirm dispersion of antimicrobial Te particles. Increased concentration of Te particles led to wider diameter fibers, from 0% loaded Te fibers having diameters of 7.06 ± 3.77 µm to 4% loaded Te fibers having diameters of 13.9 ± 7.05 µm. Pore size was found to decrease with increased fiber diameters and increased Te loading. Te/PMMA fiber meshes exhibited antibacterial activity toward Gram-negative E. coli, a common cause of hospital acquired infection. The bactericidal activity of Te/PMMA fibers was dose-dependent and increased as the percentage loading of Te increased. These findings demonstrate the feasibility of Te as an alternative to silver nanoparticles, a well-established antibacterial agent. [106] In fact, PG is a powerful method by which novel antimicrobial agents can be incorporated in polymeric mesh-like filters and bandages. [107] 4.6. Wound Healing PG offers an amenable approach to the mass production of fiber mats. Bacterial cellulose (BC), a notoriously difficult polymer to process, has been blended with PMMA, to produce BC:PMMA bandage-like scaffolds. [108] BC possesses exceptionally high water-holding ability, a fine microfibril network and enhanced cell compatibility, making it a highly suitable material for use in wound healing (Figure 6 ). [109, 110] BC solutions alone cannot form fibers but PG has afforded the BC:PMMA solutions to yield fibers that had fiber diameters as low as 690 nm. PG was further capable of rapid bandage generation with exceptionally high yields. The mat produced resembled bandages that could be used directly, requiring no further modification.
Future Perspectives
Herein, an extensive number of applications for PG and its sister technologies have been showcased. The possibilities that this exciting fiber-processing method offer are by no means limited to these examples and due to the modular and facile nature of this system; we are confident that further modifications and uses for polymers produced with this technique will be revealed.
Unlike electrospinning, PG does not require the use of an electric field. So far, electrospinning has had limited scalability due to problems with charge interferences in multiple-needle setups. [111] The PG setup is capable of spinning 5 mL of polymer solution in under 15 s whereas, electrospinning will typically produce fibers at 50 µL min −1 due to limits set by low infusion rates. [112] Infusion gyration is capable of producing fibers at 5000 µL min −1 , providing a yield of 1.45 kg h −1 ; furthermore, PG (Mark I) is capable of producing even higher fiber yields. [20, 34] Therefore, PG allows for high production rates that are orders of magnitude higher than electrospinning. Production rate coupled with scalable design enables the setup to produce fibers on an industrially relevant scale, in excess of other commercially available fiber production technologies. [112] Even compared to commercially available electrospinning techniques the production rates are far greater. [26] There are no obstacles that prevent its scale-up and the design can be reconfigured by changing orifice density and shape, as well as the vessel volume to increase yield.
PG is able to spin a large number of polymers with or without the requirement of solvents. Melt gyration offers the possibility of producing fibers from a large range of polymers by avoiding non-economical and/or hazardous solvents. The in situ melting of the polymer within the gyration vessel allows for a scalable and simple approach to manufacturing small-diameter fibers. In the spinning of fibers for biomedical applications, the use of certain solvents can lead to the rejection of the final material by the Food and Drug Administration. Many of the commonly used solvents such as chloroform and dichloromethane are not desired in biomedical applications. Melt gyration forms fibers free from harsh solvents and thus eliminates further concern to health and safety.
Collection of the emerging fibers in the form of a drying polymer jet is crucial to the morphology of the final fiber product. By incorporating different collection techniques, fibers can be produced with varying morphologies. If highly aligned fibers are desired, then a collector that mimics the rotation of the vessel can be created to gather aligned fibers. Stationary and dynamic collectors permit the almost-limitless modification of fiber morphology to suit various biomedical applications.
The rotational speed of the gyration vessel can determine fiber diameter and length. By incorporating updated and modified designs, the rotational speed can be increased to result in the manufacture of thinner diameter fibers with a higher production rate. The internal volume of the rotating vessel can be scaled accordingly to increase production rate and fiber continuity. Orifice count can be increased or decreased to control the fiber production rate. Control of orifice diameter and shape permits the highly customizable fabrication of fiber products with varying morphology and properties. A reduction in orifice diameter can furthermore lead to the formation of smaller diameter fibers. Computational 3D modeling can be incorporated to test the effects of varying vessel dimensions and materials on the production and scalability of micro-and below fibers. Solution properties, such as viscosity and polymer melt molecular weight, are also known to have a marked effect.
The creation of core-sheath polymer fibers generated using a novel PG process is in progress. The newly designed spinneret consists of inner and outer vessels which can accommodate two different polymer solutions to generate core-sheath structures. This design is also useful for the formation of novel structures and encapsulation of other constituents such as drugs, nanoparticles, and bioactive agents. In this core-sheath polymer fiber manufacturing research, we show that the new technology could be used to process different polymer solutions and to successfully encapsulate nanoparticles. Future iterations of this technology bring great promise in the advancement of fiber technologies and their applications.
